Allophycocyanin B was purified to homogeneity from the eukaryotic red alga Porphyridium cruentum. This biliprotein is distinct from the allophycocyanin of P. cruentum with respect to subunit molecular weights, and spectroscopic and immunological properties. The purified allophycocyanin B has a long wavelength absorption maximum at 669 nm at room temperature and at 675 nm at -196 C while the fluorescence emission maximum is at 673 nm at room temperature and 679 nm at -196 C. The emission spectrum of aliophycocyanin shifted only 1 nm, from 659 to 660 nm, on cooling to -196 C, and was the same with aliophycocyanin crystals as it was with pure solutions of the pigment. Phycobilisomes of red and blue-green algae contain several different phycobiliproteins which function together as an accessory pigment system to absorb light not otherwise absorbed by the photosynthetic apparatus, and to transfer the excitation energy to the Chl of PSII. The phycobilisomes are attached to the outer surface of the thylakoid membranes (6, 7) and energy transfer from the shorter wavelength--absorbing biliproteins (phycoerythrin, phycocyanin, and allophycocyanin) to the longest wavelength-absorbing pigment (allophycocyanin B) directs the excitation energy toward the photochemical apparatus in the membranes (5, 10).
aliophycocyanin crystals as it was with pure solutions of the pigment.
Phycobilisomes from P. cruentum have a major fluorescence emission band at 680 nm at -196 C which emanates from the small amount of allophycocyanin B present in the phycobilisomes. Light energy absorbed by the bulk of the biliprotein pigments is transferred to allophycocyanin B with high efficiency.
of Porphyridium cruentum at low temperature (24) . In fact, it was concluded, from the presence of the 680 nm emission band of allophycocyanin B in the spectrum of the fluorescence of variable yield at -196 C, that excitation energy could be transferred not only in the direction from allophycocyanin B to PSII Chl but also in the reverse direction from PSII Chl back to allophycocyanin B (especially in PSII units which had closed reaction centers) (24) . Wang and Myers (27) also reported a reverse transfer of energy from Chl to allophycocyanin from measurements on Anacystis nidulans at room temperature.
However, the presence of allophycocyanin B in P. cruentum was only inferred from fluorescence measurements on intact cells. Until now, the presence of this pigment in a eukaryotic alga had not been demonstrated. The purpose of the present work was to isolate and purify allophycocyanin B from P. cruentum, to compare the physical and immunological properties of allophycocyanin B from P. cruentum with those of the pigment isolated from cyanobacteria, and to confirm the postulated role of allophycocyanin B in the phycobilisomes of P. cruentum.
Phycobilisomes of red and blue-green algae contain several different phycobiliproteins which function together as an accessory pigment system to absorb light not otherwise absorbed by the photosynthetic apparatus, and to transfer the excitation energy to the Chl of PSII. The phycobilisomes are attached to the outer surface of the thylakoid membranes (6, 7) and energy transfer from the shorter wavelength--absorbing biliproteins (phycoerythrin, phycocyanin, and allophycocyanin) to the longest wavelength-absorbing pigment (allophycocyanin B) directs the excitation energy toward the photochemical apparatus in the membranes (5, 10) .
Glazer and Bryant (15) recently isolated and purified a new long wavelength-absorbing phycobiliprotein (Xmax = 671 nm), denoted allophycocyanin B, from cyanobacteria. They Figure 1 .
The fractions enriched in a component absorbing at about 670 nm were pooled (as indicated by the bar labeled I in Fig. 1 ) and this material was dialyzed against 0.05 M ammonium acetate (pH 6.8) containing 1 mm 2-mercaptoethanol and 1 mM NaN3. The protein solution was concentrated by ultrafiltration with an Amicon cell equipped with a UM-10 membrane to approximately 5.5 mg/ml. Aliquots (500 ug protein) of this solution were then applied to each of 12 isoelectric focusing gels prepared with ampholytes in the pH range 4 to 6 and were focused for about 18 hr. Two blue bands were separated upon isoelectric focusing ( Fig. 2A) .
These protein bands were cut from the gels, eluted with 0.01 M KCI containing 5 mm NaN3, reconcentrated by ultrafiltration, and run again on isoelectric focusing gels (30 ,ug protein/gel; pH 4-6). The allophycocyanin B eluted from the lower zone (pH 5.45), was found to be homogeneous by isoelectric focusing (Fig. 2B) . The eluate from the broad allophycocyanin zone, with an average pH of 4.95 was concentrated by ultrafiltration and refocused under the conditions described above to remove a trace of residual allophycocyanin B. The allophycocyanin fraction eluted from these gels was homogeneous as determined by isoelectric focusing in the pH range 4 to 6 (Fig. 2D ) and by SDSpolyacrylamide gel electrophoresis (Fig. 2E ). (9, 21) with minor modifications. All phycobilisomes were isolated in 0.75 M K-phosphate buffer (pH 7) containing 1 mm 2-mercaptoethanol and 1 mM NaN3. Triton X-100 (1%, w/v) was used to release phycobilisomes from the thylakoid membranes. The sucrose step gradients used were prepared from the following sucrose concentrations prepared in the 0. Plant Physiol. Vol. 59, 1977 Immunological Studies. Antisera to P. cruentum R-phycocyanin and to the allophycocyanins were gifts from C. S. Hixson. Rabbit antisera to Anabaena sp. 6411 allophycocyanin and Synechocystis sp. (ATCC 22663) allophycocyanin B, as well as those obtained from C. S. Hixson, were obtained as previously described (16) . Immunodiffusion experiments were performed as described by Glazer and Bryant (15) .
Spectal Measwements. All low temperature absorption and fluorescence emission spectra were measured on 0.5-ml samples rapidly frozen to -196 C in a vertical cuvette and Dewar system (2) . The samples were diluted with buffer (or fresh growth medium in the case of whole cells of P. cruentum) to the final concentrations indicated in the figure legends immediately prior to freezing.
Absorption spectra were measured with the computer-linked single beam spectrophotometer described previously (2) . Fluorescence emission spectra were measured from the front surface of the frozen samples using a dual arm fiber optics light pipe (26) . Excitation at the wavelengths indicated was achieved from a monochromator with a 10 nm passband. Fluorescence from the sample was detected using a Bausch and Lomb High Intensity Monochromator with a passband of 5 nm and a Ga-As phototube (Hamamatsu R666S). The output of the phototube was recorded on line with a small computer. Emission spectra were corrected for the spectral response of the detection equipment and plotted by the computer. The computer was also used to calculate and plot the fourth derivatives of both the absorption and fluorescence emission spectra.
RESULTS AND DISCUSSION
The highly purified preparation of allophycocyanin from P. cruentum was found to contain both allophycocyanin and allophycocyanin B. The first protein fractions eluted upon DEAEcellulose column chromatography of the allophycocyanin preparation contained significant amounts of a 670 nm absorbing pigment. The inset in Figure 1 shows the absorption spectra of fractions collected at the elution volumes indicated by arrows A and B. It is apparent that the earlier fraction is enriched in a pigment absorbing at 670 nm.
The fractions enriched in the 670 nm absorbing material (indicated by the bar labeled I in Fig. 1) were pooled, concentrated, and run on isoelectric focusing gels (pH range [4] [5] [6] . Two blue bands were separated ( Fig. 2A) . The pigments eluted from these two bands were concentrated and again subjected to isoelectric focusing under the same conditions. The material from the lower band, allophycocyanin B, refocused as a single band at pH 5.55 (Fig. 2B) . On SDS-polyacrylamide gel electrophoresis, this protein was shown to be composed of two subunits with apparent mol wt of 20,400 and 16,500 (Fig. 2C) . A monomer structure made up of two dissimilar subunits is characteristic of biliproteins as a class (13) . The aggregation state of P. cruentum allophycocyanin B was not examined, but the corresponding protein from A. variabilis was found to be a trimer, (a0/)3 (1) .
The allophycocyanin from the upper band ( Fig. 2A) , isolated by elution and purified further by refocusing under the same conditions, was shown to be homogeneous by isoelectric focusing (Fig. 2D) , and by SDS-polyacrylamide gel electrophoresis (Fig. 2E) . Allophycocyanin had an isoelectric point of 5.1 1, and an apparent subunit mol wt of 16,500. In contrast to the a and /3 subunits of allophycocyanin B (see above), the two subunits of the allophycocyanin are very similar in size, although they have been shown to be distinct in their amino-terminal sequence (14) .
The absorption spectra of purified allophycocyanin B and allophycocyanin are shown in Figure 2 , F and G, respectively. We estimate that the original material applied to the DEAEcellulose column had a ratio of allophycocyanin to allophycocyanin B about 15:1.
Some of the immunological properties of allophycocyanin and allophycocyanin B are illustrated in Figure 3 (A-D). As previously reported for cyanobacterial allophycocyanins (15, 17) , P. cruentum allophycocyanin and allophycocyanin B do not crossreact with antisera produced against R-phycocyanin (Fig. 3A) or C-phycocyanins (not shown).
P. cruentum allophycocyanin and allophycocyanin B are distinct immunologically. The crossing of the precipitin lines between wells b and c (Fig. 3B) is characteristic of a two-antigen, two-antibody system. Indeed this result is to be expected since the immunizing antigen used in obtaining the antiserum to P. cruentum allophycocyanin is now known to have contained allphycocyanin B.
Both allophycocyanin and allophycocyanin B cross-react with an antiserum produced against Anabaena sp. 6411 allophycocyanin (Fig. 3C) (Fig. 3D) The low temperature absorption spectra of the main phycobiliproteins from P. cruentum, i.e. b-phycoerythrin, B-phycoerythrin, and R-phycocyanin, are shown in Figure 4 , A, B, and C for comparison with the low temperature absorption spectrum of the phycobilisomes from P. cruentum in Figure 4D . It is apparent that the absorption maxima of these phycobiliprotein pigments change very little during their isolation and purification from the phycobilisomes. Approximately 82% of the absorbance of the phycobilisomes is due to the two forms of phycoerythrin, approximately 8% is due to R-phycocyanin, and the remaining 10%, which accounts for the absorbance at wavelengths longer than 635 nm, is due to allophycocyanin. This estimate of the pigment composition of the phycobilisomes is in reasonable agreement with that determined by Gantt Figure 6A along with the fourth derivative of that spectrum. The resolution of the spectral components is greatly enhanced in the fourth derivative spectrum (3, 4) Fig. 6C ).
The low temperature emission spectrum of the phycobilisomes isolated from P. cruentum cells is shown in Figure 6B and the emission spectra of the purified phycobiliprotein pigments at -196 C are presented in Figure 6C . Gantt et al. (6, 12) suggested that the 675 nm emission band from phycobilisomes at room temperature was due to an aggregated form of allophycocyanin which had a longer wavelength fluorescence band because of the aggregation. However, we could not observe such effects of aggregation in crystals of allophycocyanin (see Fig. 5) where the interaction between chromophores should be maximal. On the other hand, we can identify the long wavelength emission of phycobilisomes with a specific pigment, allophycocyanin B.
Fluorescence from any of the antenna phycobilin pigments indicates that the efficiency of energy transfer from these pigments to allophycocyanin B is less than 100%. The emission spectrum of the phycobilisomes in Figure 6B Plant Physiol. Vol. 59, 1977 from the 18-day sample (Fig. 7B) showed emission from Rphycocyanin in addition to that from allophycocyanin B. We conclude that the sample of phycobilisomes represented by the spectrum in Figure 6B had undergone some deterioration prior to the measurement. The very high degree of energy transfer in the fresh phycobilisomes was not anticipated since the emission spectrum of the whole cells (Fig. 6A) shows some emission from both R-phycocyanin and allophycocyanin. We suggest that these emission bands in ; fluorescence emission spectra; ---. The excitation wavelength for fluorescence emission measurements was 560 nm. The biliproteins, buffers, and protein concentrations used for absorption and fluorescence emission measurements respectively were: A: allophycocyanin at incorporated into mature phycobilisomes. (Unfortunately, the 4-day sample of phycobilisomes was not measured at wavelengths shorter than 600 nm so we cannot conclude much about energy transfer from the phycoerythrin from the data in Figure 7 . The emission at 600 nm rises much less rapidly in the 4-day sample than in the 18-day sample so that it is likely that the emission from the phycoerythrin is appreciably less in the fresher sample.)
Phycobilisomes were also isolated from Porphiridium aerugineum and from Anabaena sp. 6411. Low temperature absorption spectra of those phycobilisomes and the fourth derivative curves of the spectra are shown in Figure 8 . These organisms do not contain phycoerythrin but they do appear to contain the two forms of phycocyanin noted by Gray et al. (20) 
